The generation and amplification of solitons is of major importance in considerations of future all-optical communication systems. [1] [2] [3] Following the predictions of Hasegawa and Tappert, 4 Mollenauer et al. first demonstrated the existence of solitons in singlemode optical fibers. 5 In these initial experiments the requirements for soliton generation were generally met through the launching of transform-limited pulses of sufficient power.5 8 However, a pulse with any reasonable shape is capable of evolving into a soliton,' while the surplus energy appears as dispersive noise in the system.
To maintain soliton propagation over significant fiber distances, stimulated Raman amplification processes have been proposed 9 ' 1 0 and successfully demonstrated. 1 1 This culminated in the demonstration by Mollenauer and Smith' 2 of soliton propagation over more than 6000 km, where the system loss was periodically compensated by Raman gain. In most of the Raman amplification schemes previously reported, operation was in the small-gain regime, with compensation only for the propagation losses. However, we have previously shown that soliton regeneration is possible through synchronous amplification even in the highly perturbative, high-gain regime.' 3 Solitary-wave generation has also been possible in systems exhibiting distributed gain and anomalous dispersion,' 2 ' 14 with the generation of pulses as short as 80 fsec.
In the research reported here we describe the generation of solitons as short as 600 fsec through the synchronous stimulated Raman amplification, in the high-gain regime, of noise bursts with an initial envelope duration of the order of 100 psec.
The experimental scheme is shown in Fig. 1 . A cwpumped, mode-locked Nd:YAG laser operating at 1.32 ,gm was used as the source of synchronous pump pulses to provide Raman gain both in the main fiber under investigation and to a dispersion-compensated fiber Raman ring laser, which provided the source of signal pulses. The Nd:YAG laser typically generated pulses of 100 psec with an average (peak) power of 1.8 W (180 W).
Using beam splitter BS, (nominally 25% reflecting at 1.3 aum), approximately 400 mW of the mode-locked Nd:YAG laser output was directed into an optical delay line to be used to provide synchronous Raman gain to the probe noise signal. The radiation transmitted through BS, was used to pump synchronously a dispersion-compensated fiber Raman ring laser, which was the source of the noise signal. This laser, which has been described in detail previously,' 5 typically generated pulses as short as 1.8 psec, broadly tunable near 1.4 ,gm with average output powers of 20-40 mW. The operation of this synchronously pumped laser with regard to the output pulse width dependence on cavity length mismatch was similar to that of a dye laser. On moving the cavity length away from the matching point the output pulses, measured using conventional second-harmonic-generation background-free autocorrelation techniques, exhibited the classic profile of a burst of noise. Figure 2 shows a typical autocorrelation trace of the pulse output from the dispersion-compensated fiber Raman ring laser operating in this manner. Typically the average powers were in the range 20-40 mW, and the output wavelength was centered near 1.39 gm in a band 2 nm wide. This source of noise pulses, with envelope durations in the 50-100-psec regime, was then used as the signal source for synchronous amplification. The signal and pump beams were transmitted and reflected, respectively, off beam splitter BS 2 and focused into the test fiber using a standard uncoated 1oX microscope objective MO 1 . A scanning autocorrelator with a resolution of 50 fsec and a 0.5-m monochromator were used to monitor the output signal.
The fiber that provided the medium for the Raman gain was 500 m long, with a dispersion minimum at 1.38 jm, and at 1.4 Am had a group delay dispersion of 2 psec/nm km. Using a variable optical delay line the time synchronism between the pump and signal pulses was adjusted to achieve the maximum gain as measured by the autocorrelator, and throughout the research reported here this time delay remained fixed. By placing a variable neutral-density filter in the pump beam, the synchronous pump power was simply adjusted. The maximum pump power used was 80 mW, which was insufficient on its own to give rise, in a single pass, to any Raman solitary-wave formation in the 500-m-long fiber sample.' 6 Similarly, when operating close to the dispersion minimum, launched noise signals can, if sufficient power is in some of the individual noise spikes, give rise to soliton structures that will dominate the autocorrelation measurement. Operating at an average signal power level of 1 mW in the 500-m-long fiber, the autocorrelations of the input and output pulses were identical (similar to those in Fig. 2 ), indicating no possibility of soliton formation. Consequently the system was operated, throughout this research, with an average signal level of 1 mW at 1.39 ,m.
In the presence of Raman gain provided by the pump at 1.32 ,um, the complete envelope of the noise signal experiences amplification. However, the ultrashort pulse structures within the envelope also experience gain, and as the power of some of these approaches that of the fundamental soliton, these short-pulse, high-power structures begin to dominate the nonlinear autocorrelation measurement. show clearly the amplification received. From these measurements it was estimated that an overall gain of 3.5 was achieved. The half-width of the autocorrelation decreased to 1.16 psec, and the short-pulse feature began to dominate the recording.
On increasing the pump power to 65-mW average power [ Fig. 3(b) ] the autocorrelation half-width decreased further, to 830 fsec, and the short-pulse component further increased in significance in the autocorrelation.
This trend continued with increasing pump power. Figure 4 shows the autocorrelation trace obtained at an average pump power level of 80 mW. The average power in the band at 1.39 Am showed an overall gain of 8. The half-width of the autocorrelation decreased to 620 fsec, and this short-pulse component sat on a pedestal that extended for approximately 100 psec and which accounted for approximately 12% of the autocorrelation peak signal. It was estimated that the short pulse contained 22% of the energy, which in turn corresponded to an average power of approximately 1.8mW.
From the known fiber parameters the fundamental soliton power 5 for a 620-fsec pulse was determined to be 5.8 W, which at the input 100-MHz pulse repetition rate corresponded to an average power of 0.36 mW, and the soliton period 5 was calculated to be 93 m. From these measurements it was clear that the amplified noise signal contained substantially more than one single soliton. For the example above, at 80-mW average pump power the pulse corresponding to the autocorrelation trace of Fig. 4 contained up to five solitonlike structures within the envelope. The soliton nature of these pulses was demonstrated by relaunch of the amplified signal into fiber lengths (-1 km) substantially greater than the estimated soliton period, and the autocorrelation traces obtained retained the short-pulse profile on a low-level pedestal. Some slight pulse broadening was recorded owing to the coupling losses.
Spectrally, the amplified signal at 1.39 jm showed a broadening to a 3.8-nm spectral width; however, no strong spectral movements associated with the soliton self-frequency shift' 7 were observed, which can most likely be accounted for by the strong frequency pulling of the Raman gain process.' 8 In conclusion, we have shown that operating in the high-gain regime, providing synchronous amplification to noise bursts with long envelope durations, it is possible to generate spurious soliton pulses. The number and temporal separation of these pulses within the envelope are not controllable, and as such in any application they would give rise to sources of error.
